ABSTRACT: MPTP induces parkinsonism in monkeys by destruction of the substantia nigra, pars compacta. It can also damage ventral tegmental dopamine neurones and the noradrenergic locus coeruleus, both of which may be affected in Parkinson's disease. Motor symptoms in MPTP-treated monkeys respond readily to levodopa or dopamine agonist therapy. Administration of levodopa over 4-8 weeks leads to the emergence of "peak-dose" dyskinesia. Such abnormal movements are not seen following challenge doses of levodopa in animals not on long-term therapy. Radioligand studies reveal a 40-180% increase in D2 receptor binding in the striatum of parkinsonian monkeys. 2-deoxyglucose studies of regional brain metabolism indicate that MPTP-induced parkinsonism is characterised by abnormally increased activity of medial pallidal neurones which project to the thalamus and pedunculopontine nucleus and reduced activity of subthalamic nucleus neurones. RESUME: Parkinsonisme induit par le MPTP chez le singe: pathologie, neurochimie, complications du traitement et mecanismes pathophysiologiques. L'administration de MPTP provoque le parkinsonisme chez le singe, en detruisant la substance noire et en particulier la partie compacte. II peut egalement nuire aux neurones dopaminergiques du tegmentum et aux neurones noradrenergiques du locus cinereus, lesquels sont souvent atteints dans la maladie de Parkinson. Les symptomes moteurs chez les singes traites de MPTP repondent bien au traitement aux agonistes de levodopa ou de dopamine. L'administration de levodopa au cours de 4 a 8 semaines entraine l'emergence d'une dyskinesie a la «dose au sommet». Les tels mouvements anormaux ne se trouvent pas a la suite des doses provocatrices de levodopa chez les animaux qui recoivent la therapie a court terme. Des etudes de liason au moyen de radioligands revelent une augmentation de 40 a 80 pour 100 dans la liason aux recepteurs dopaminergiques de type D2 dans le striatum des singes parkinsoniens. Des etudes du metabolisme cerebral regional, a I'aide du 2-desoxyglucose marque, indiquent que le parkinsonisme provoque par le MPTP est caracterise par une activite accrue de fa?on anormale au niveau des neurones du globus pallidus qui projettent vers le thalamus et au noyau pedonculopotin, et aussi par une activite reduite des neurones du noyau sous-thalamique.
The clinical picture is virtually indistinguishable from idiopathic Parkinson's disease and postencephalitic parkinsonism, being dominated by profound hypokinesia and bradykinesia, rigidity, and both postural and resting tremor. Other symptoms associated with the idiopathic and postencephalitic conditions are also encountered, such as micrographia, hypophonia, seborrhea, drooling and kinesia paradoxica.
1 ' 2,3 ' 4 . These patients have been found to respond well -at least at first -to conventional antiparkinson therapy with L-dihydroxypheny lalanine (L-DOPA) or bromocriptine.
Soon after its effects in man had been recognised it was shown that systemic administration of MPTP to monkeys induces a parkinsonian state similar to that observed in man. 5, 6, 7 The animals progressively develop marked hypo-and bradykinesia, rigidity and postural tremor. True resting tremor was apparently not a prominent feature of the condition, according to early reports. It now seems generally agreed, however, that both resting and postural tremor may co-exist in affected animals. In severe cases the monkeys assume a hunched, flexed attitude, with loss of postural fixation of the head, reminiscent of the "somersault" or "pallidal" posture which has been described following bilateral lesions of the globus pallidus. 89 ' I0 An essentially similar condition has been reported to develop following MPTP administration in a number of species, including the rhesus monkey, 5 ' 7 squirrel monkey," cynomolgus monkey 1213 and marmoset. I4 The condition in experimental primates responds readily, and in a dose-dependent fashion, to L-DOPA or dopamine agonists 5 -715 which completely reverse the motor deficit.
There has been debate concerning the stability of parkinsonism induced by MPTP in the monkey, which is highly relevant to its usefulness as a model of the human condition. Dramatic recovery appears to occur following the cessation of administration in some species (for example the marmoset) and with certain administration schedules. Our own experience with a colony of cynomolgus monkeys, studied for up to 15 months after MPTP administration, is that a variable degree of gradual recovery from disability occurs within the first few weeks following exposure to the toxin. After this the residual parkinsonian features, which may be mild or severe depending upon the dose administered and individual variation between animals, remains essentially stable, with no appreciable further recovery or deterioration. This renders the model ideally suited to long-term studies of drug therapy and chronic changes in brain function.
PATHOLOGICAL FINDINGS
Postmortem examination of the brain of one human subject exposed to MPTP showed destruction of the pigmented dopaminergic cells of the substantia nigra, pars compacta. 1 Although in life this patient had abnormally low cerebrospinal fluid (CSF) levels of homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5-HIAA) and noradrenaline, which suggest abnormalities of central dopaminergic, serotonergic and noradrenergic systems, structural damage appeared to be restricted to the substantia nigra. The locus coeruleus and ventral tegmental area were reported to be intact.
Similarly, MPTP-induced parkinsonism in the monkey is associated wth destruction of nigral dopaminergic neurones, together with depletion of striatal dopamine levels.
4 -5 -6 -" The ventral tegmental area, from which arises the dopaminergic innervation of the nucleus accumbens, has generally been reported to be intact 5, 6, 16 as has the locus coeruleus. These are important observations since they argue strongly a) that the severe parkinsonian symptoms observed in both man and monkey are due solely to destruction of the substantia nigra and b) that MPTP is a uniquely-specific nigral toxin.
In subsequent studies, in the cynomolgus monkey, a less specific action of MPTP was revealed. Mitchell et al 13 reported that in monkeys with severe parkinsonism (judged to be the simian equivalent of stages IV-V on the Hoehn and Yahr 21 parkinsonian rating scale for man) the neurotoxic action of MPTP was not necessarily entirely selective for substantia nigra neurones. In some monkeys it additionally caused a) destruction of cells in the ventral tegmental area, with associated depletion of dopamine from the nucleus accumbens, and b) profound degenerative changes in the locus coeruleus, with depletion of forebrain noradrenaline (Figure 1 ). Even in animals with no obvious structural damage in the ventral tegmental area or locus coeruleus, catecholamine levels in their terminal projection fields were severely depleted, suggesting sub-lethal toxicity. It was proposed that MPTP exhibits a spectrum of toxicity to aminergic neurones, with a rank order of substantia nigra > ventral tegmental area > locus coeruleus. Further, it was pointed out that these results indicated an even closer relationship than hitherto envisaged between MPTP-induced parkinsonism in the monkey and the idiopathic condition in man, since both the ventral tegmental area and the locus coeruleus have been reported to be variably affected in the human condition.
It was suggested that the variance of these neuropathological observations from those of other studies might reflect differences between species or the doses of MPTP administered. Subsequently, MPTP-induced degenerative changes in the locus coeruleus, have been confirmed by other workers. 17 The conclusion from the above clinical and neuropathological observations is that MPTP-induced parkinsonism in the monkey is undoubtedly the best available model of Parkinson's disease in man. All of the major motor abnormalities of the condition are faithfully reproduced as are the pre-eminent pathological changes. The condition is essentially stable over long periods. This model therefore offers a unique opportunity for experimental studies on a) the long-term complications associated with the treatment of Parkinson's disease and b) the neural mechanisms which mediate parkinsonian symptoms.
L-Dopa and Dopamine Agonist-Induced Dyskinesia
In a significant proportion (60-80%) of parkinsonian patients on long-term L-dopa therapy there may develop a number of complications to effective management, one of the most common being "peak-dose" dyskinesia. 18 The physical manifestations of dyskinesia may vary considerably, being of a choreic, athetoid, ballistic, dystonic or myoclonic character. In some patients the dose of therapeutic agent which induces these troublesome side-effects may be below that necessary for stable management of parkinsonian symptoms, in which case they become a dose-limiting factor. The brain mechanisms which mediate dyskinesias, and the strategies by which they may be overcome, are far from understood and are, therefore, the subject of considerable interest.
It has been suggested that chronic exposure to L-dopa in itself might increase the predisposition towards the development of treatment-related complications.
I9,2° This possibility has prompted some authorities to advocate delaying the use of L-dopa until absolutely necessary, and then only at minimal therapeutic doses, in the belief that this approach will maximise the value to be gained from this form of treatment. Others have held that the severity of parkinsonism and the duration of disease are the main factors in determining the likelihood of treatment-related side-effects, rather than the duration of treatment per se. Despite considerable debate, however, the question remains unresolved, mainly because of the difficulty of interpreting human data. Clearly, a realistic primate model of L-dopa-induced dyskinesia would be of enormous potential value from two points of view. Firstly, it would permit experimental studies to be undertaken in order to define the abnormal neural mechanisms in operation in dyskinesias and the factors involved in their development and, secondly, it would provide an ideal testing-ground for new strategies designed to combat dyskinesia.
We have studied the effects of regular and intermittent L-dopa and dopamine agonist therapy in a group of monkeys for up to 15 months after the induction of parkinsonism with MPTP. We can now report that dyskinesia, closely resembling that seen in man, can readily be induced in these animals.
MPTP, at a dose of 0.4 -0.57 mg/kg, was administered intravenously to six cynomolgus monkeys (Macaca fascicularis) of mixed sex at 7-14 day intervals. The gradual progression of parkinsonian symptoms was carefully monitored until it reached approximately stage IV on the Hoehn and Yahr rating scale for man. 21 This was achieved with total cumulative doses ranging from 2.6 -27.0 mg/kg. Six to twenty-eight weeks after the last dose of MPTP, when parkinsonian symptoms were demonstrably stable, regular, thrice-daily oral administration of therapeutically-active doses of L-dopa (100 mg L-dopa plus 10 mg peripheral decarboxylase inhibitor) were commenced in three of the monkeys. The response of all six monkeys to test doses of L-dopa or apomorphine (0.1 mg/kg) were examined at twoweek intervals.
Initially, all animals showed a good clinical response to L-dopa, which abolished all motor manifestations of parkinsonism. At the doses used, neither L-dopa nor apomorphine induced dyskinesia in any animal. However, within 4-8 weeks of regular treatment, all three monkeys receiving L-dopa began to develop dy skinetic movements after each dose (Figure 2 ). Similar abnormal movements were observed following administration of apomorphine. In humans exposed to MPTP, complications of therapy, including dyskinesias, have likewise been reported to emerge at an early stage. 4 In the monkey, dyskinesia was first observed in the lower limbs, which exhibited intermittent choreoathetoid movements. With the further passage of time, during which regular L-dopa administration was maintained, the dyskinesia became more severe, more continuous, of longer duration, and spread to involve the upper limbs and the orofacial musculature. Dyskinesia was quantifiable and dose-dependent ( Figures 3 and 4) . Dyskinesia of the lower limbs remained the most prominent throughout. It typically took the form of complex combinations of alternating plantar-and dorsiflexion of the foot, eversion/inversion of the foot, flexion/extension of the knee, flexion/extension of the hip, and adduction/abduction of the hip.
We propose that such manifestations of abnormal involuntary movements are the simian equivalent of "peak-dose" dyskinesia in man, which emphasises still further the close relationship between the characteristics of MPTP-induced parkinsonism in the monkey and Parkinson's disease in man. When severe, the choreic limb movements induced by L-dopa or dopamine agonists in MPTP-treated monkeys were virtually indistinguishable from hemiballismus in these animals which we have shown, in previous studies, may be produced by injection of antagonists of the transmitter gamma-aminobutyric acid (GABA) into the subthalamic nucleus. 22 ' 23 In addition to chorea, however, L-dopa or dopamine agonist-induced dyskinesia often had a prominent dystonic component, which first became obvious after an initial period of choreic activity. It appeared to correspond to the period of maximal effect of drug, although this remains to be proven. Dystonia was usually mani- fest by prolonged periods (many minutes) of tonic flexion of the hip and knee which brought the knee up to the chin, torticollis, retrocollis and truncal twisting. Dyskinesia was not observed following administration of L-dopa or dopamine agonists to monkeys which were not receiving chronic L-dopa medication, even though the duration and severity of their parkinsonism was indistinguishable from that of animals in the treated group. These data suggest that exposure to L-dopa increased the predisposition of treated animals to develop dyskinesia.
Ligand Binding Studies
It is generally accepted that in lower animals destruction of the nigrostriatal dopaminergic pathway leads to the development of dopamine receptor supersensitivity in the denervated striatum. Until recently the data relating to the status of dopamine receptors in the human striatum in Parkinson's disease has not been so clear cut. Guttman and Seeman 24 have, however, provided convincing evidence of increased D2 dopamine receptor density in the striata of non-treated parkinsonian patients. The few reports which deal with dopamine receptors in the MPTP-treated monkey are as confusing as those in man. Thus, Jenner et al 14 were unable to detect any change is specific binding of [3H]-spiperone in the caudate-putamen of MPTPtreated marmosets, while Bedard et al 25 apparently found a decrease in the cynomolgus monkey. In a single cynomolgus monkey, made hemiparkinsonian by unilateral internal carotid LEVODOPA DOSE (mg/kg)
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Figure 3 -Graph showing the effect of increasing doses of L-dopa on the duration of dyskinesia in an MPTP-treated monkey. Data were obtained after approximately 3 months L-dopa therapy (75 mg t.d.s.). Results represent mean ± S.E.M. of three trials.
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Figure 4 -Graph showing the relationship between dose of L-dopa administered and ' 'total dyskinesia score'' for an MPTP-treated monkey after 3 months of L-dopa therapy (75 mg t.d.s.). Dyskinesia was scored on an arbitrary scale of 0-2, where 0 = no dyskinesia, I = mild, 2 = severe dyskinesia (seriously interfering with normal activities). Dyskinesia was assessed at 10 minute intervals and scores were totalled over a three hour trial period. Results represent mean ± S.E.M. of three trials. Volume 14, No. 3 (Supplement) -August 1987
artery infusion of MPTP, Joyce et al, 26 using autoradiographic techniques, reported increased spiperone binding in the lateral caudate and putamen.
We have examined the effects of MPTP treatment on the regional distribution of specific [3H]-spiperone binding in brains of four cynomolgus monkeys, using in vitro semi-quantitative autoradiography. The monkeys received daily intravenous injections of MPTP over 7-8 days to a total cumulative dose of 2.79 -3.85 mg/kg. Animals were killed 15-20 days later by barbiturate overdose and the brains were immediately frozen in isopentane. Three untreated animals served as controls. Tissue was blocked stereotactically and 20um sections were thaw-mounted on gelatincoated glass slides. Histological and neurochemical evaluation revealed profound cell loss from the substantia nigra, pars compacta and ventral tegmental area, together with severe depletion of striatal and accumbens dopamine levels, as previously reported. 13 Sections for binding studies were washed twice in phosphate buffer (0.1M), pH7.4, for 30 min at 20°C. The sections were incubated at 20°Cfor60 min in 50mM Tris-HC 1, pH7.4, containing 120mM NaCl to which had been added 0.3nM [3H]-spiperone (specific activity 76 Ci/mmol) and 0.1 uM ketanserin (to mask binding to 5HT-2 sites). Specific binding was defined as that displaced by luM haloperidol. Following incubation sections were washed in ice-cold buffer for 2x1 min, air-dried and co-exposed to [3H]-sensitive film with tritium standards (Amersham) for 34 days. Autoradiographs (2 of total binding and 1 of non-specific binding for multiple brain levels in each animal) were analysed using a computer-based image analysis system. In order to determine the topographical distribution of [3H]-Spiperone binding the caudate and putamen were divided into subregions for analysis.
Specific [3H]-spiperone binding in control monkey brains showed a heterogeneous distribution within the basal ganglia. The highest levels of binding were found in the caudate and putamen, only moderate binding being present in the nucleus accumbens, and very little in the globus pallidus. Within the putamen, there was a heterogeneous distribution of binding which showed a marked medial to lateral increase. The highest levels of binding were found in the dorsolateral part of putamen at rostral levels and the ventrolateral part of the putamen at caudal levels. The caudate displayed a more even distribution.
Autoradiographs from MPTP-treated monkeys demonstrated a marked enhancement (40-180%) in specific [3H]-spiperone binding in the caudate and putamen compared to control animals ( Figure 5 , Table 1 ). In some, but not all, autoradiographs the greatest increase appeared to be associated with the lateral portion of the striatum, as described by Joyce et al 26 in a unilaterally lesioned animal. No change in specific binding was found in the nucleus accumbens, despite the equally dramatic depletion of dopamine from this area.
Regional 2-Deoxj glucose (2-DG) Uptake
The MPTP-treated monkey provides a unique opportunity for studying the abnormal brain mechanisms which are responsible for the appearance of parkinsonian symptoms. One approach by which this may be achieved is by application of the 2-DG uptake technique described by Sokoloff et al. 27 Radioactively labelled 2-DG is administered systemically and its regional uptake by the brain is measured autoradiographically. Differential labelling between regions indicates differences in metabolic activity and, thus, neuronal electrical activity. 2-DG is accumulated by the same membrane transport system as glucose, and is phosphorylated by hexokinase, the first enzyme in oxidative metabolism. 27 Following phosphorylation, 2-DG is essentially trapped in the cell and does not undergo significant further metabolism. It is argued that since in activated neurones, the majority of the increase in energy requirement is associated with the ouabain-sensitive sodium pump, 28 and that since this energy requirement is greater for structures with a large surface:volume ratio (such as axon terminals) than for those with a small surface: volume ratio (such as neuronal perikarya), 28, 29 then regional changes in 2-DG uptake, which occur as a result of experimental manipulation, are probably largely due to changes in the activity of nerve terminals within the affected structure, rather than primarily reflecting the activity of intrinsic neuronal cell bodies.
We have applied the 2-DG uptake technique to monkeys made parkinsonian either by generalised intravenous administration of MPTP or following unilateral intracarotid infusion. The 2-DG procedure was performed up to 4 weeks after administration of MPTP in the bilaterally-affected animals and 3-11 weeks post-MPTP in the unilaterally-lesioned animals.
Marked changes were found in the regional uptake of 2-DG in the brains of parkinsonian animals. 12,30 ' 31 In animals with generalised parkinsonism there was a profound increase in 2-DG uptake by the globus pallidus, which was most marked in the lateral segment. There were also marked increases in uptake by the VA/VL thalamic nuclei and by the pedunculopontine nucleus. The subthalamic nucleus alone displayed a prominent and consistent decrease in 2-DG uptake. The pattern of 2-DG uptake in hemiparkinsonism was similar, but not identical, to that observed in bilaterally affected animals ( Figures 6, 7 and  8) . The main differences were that the increased uptake in the globus pallidus was virtually entirely restricted to the lateral segment and, in addition, the increased uptake in the thalamus was less obvious.
The increased uptake of 2-DG by the VA/VL thalamus and pedunculopontine nucleus are interpreted as indicating abnormal overactivity of cells in the medial pallidal segment, which project to these structures. The 2-DG changes in these nuclei were, in fact, the reverse of those seen in experimental models of hyperkinetic disorders, such as hemiballismus and chorea, which have been the subject of previous studies in this laboratory, 3 ' 32,33 and which, it is believed, are characterised by abnormal underactivity of medial pallidal neurones. 31 The increased uptake of 2-DG found in the globus pallidus itself was probably due to increased activity in its afferent pathways, the most likely candidates being projections from the subthalamic nucleus and the neostriatum. The change in 2-DG uptake observed in the subthalamic nucleus is entirely consistent with this view. Thus, decreased uptake in the subthalamic nucleus most likely indicates decreased activity of its own afferent pathways, the most massive of which is from the lateral segment of the globus pallidus. Since this pathway is thought to be GABAergic and inhibitory upon subthalamic cells a decrease in its level of activity would lead to disinhibition of subthalamic cells, which in turn project heavily upon both segments of the globus pallidus. This might, therefore, in part account for the increased uptake of 2-DG by the globus pallidus. Equally as important as the detailed neural mechanisms, however, is the principle clearly emerging from 2-DG studies, that the subthalamic nucleus is implicated in the pathophysiology of parkinsonism. This is an entirely new concept which, if correct, puts this nucleus at the centre of the neural mechanisms of a spectrum of movement disorders, ranging from hemiballismus and chorea to parkinsonism. reproduces all of the major motor abnormalities (hypokinesia/ bradykinesia, rigidity and tremor) and the pre-eminent neuropathology (degeneration of the substantia nigra, pars compacta) of the human condition. 2. MPTP administration to the monkey may also induce degeneration of the dopaminergic cells of the ventral tegmental area and the noradrenergic cells of the locus coeruleus. Since these cell groups are often involved in the pathology of human Parkinson's disease, this suggests that the correlation between MPTP-induced parkinsonism in the monkey and the human condition may be closer than previously envisaged.
3. MPTP-induced parkinsonism in the monkey is stable over long periods (at least 15 months), making it ideally suited to long-term experimental studies.
4. Regular administration of L-dopa to parkinsonian monkeys leads to the rapid development of what appears to be the simian equivalent of "peak-dose" dyskinesia. Untreated monkeys do not appear to develop this complication, suggesting that L-dopa itself may increase the predisposition towards dyskinesia.
5. There is a substantial (40-180%) increase in D2 dopamine receptor binding in the striatum of MPTP-treated monkeys.
6. 2-deoxyglucose uptake studies suggest that in MPTP-induced parkinsonism there is abnormally increased activity in the cells of the medial segment of the globus pallidus, and abnormally decreased activity in the cells of the subthalamic nucleus. The subthalamic nucleus is probably involved in the pathophysiological mechanisms which mediate parkinsonian symptoms.
